He P. H2O2-induced endothelial NO production contributes to vascular cell apoptosis and increased permeability in rat venules. Am J Physiol Heart Circ Physiol 304: H82-H93, 2013. First published October 19, 2012 doi:10.1152/ajpheart.00300.2012.-Although elevated levels of H 2O2 have been implicated to play important roles in the pathogenesis of various cardiovascular diseases, the underlying mechanisms remain unclear. This study aims to examine the effect of H2O2 on endothelial nitric oxide (NO) production in intact venules, and elucidate the role and mechanisms of NO in H 2 O 2 -induced increases in microvessel permeability. Experiments were conducted on individually perfused rat mesenteric venules. Microvessel permeability was determined by measuring hydraulic conductivity (Lp), and endothelial [Ca 2ϩ ]i was measured on fura-2-loaded vessels. Currently, it has been recognized that inflammatory mediator-induced endothelial nitric oxide synthase (eNOS) activation and excessive nitric oxide (NO) production are essential for increasing microvessel permeability (22, 38, 39) . Blockade of NO production by nonspecific nitric oxide synthase (NOS) inhibitor or specific eNOS inhibitor, caveolin-1 scaffolding domain, attenuates platelet activating factor (PAF)-induced immediate and transient increases in the microvessel permeability in intact venules (39, 43). Studies conducted in large arteries and arterioles indicated that H 2 O 2 acts as an important vasodilator through the activation of eNOS and increased NO production (3, 36). However, whether H 2 O 2 induces NO production in intact venules and the functional roles of H 2 O 2 -induced NO production in the regulation of microvessel permeability remain to be identified.
INCREASED PRODUCTION of reactive oxygen species (ROS) has been shown to cause increases in microvessel permeability, resulting in tissue damage and organ dysfunctions (2, 7, 42) . We had previously demonstrated that superoxide and inflammatory mediators induce immediate and transient increases in endothelial cell (EC) intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and microvessel permeability, whereas perfusion of hydrogen peroxide (H 2 O 2 ) induces delayed and progressively increased EC [Ca 2ϩ ] i and hydraulic conductivity (Lp) (42) . The different patterns of response suggest that the mechanisms involved in H 2 O 2 -induced permeability increases are different from those induced by inflammatory mediators.
Currently, it has been recognized that inflammatory mediator-induced endothelial nitric oxide synthase (eNOS) activation and excessive nitric oxide (NO) production are essential for increasing microvessel permeability (22, 38, 39) . Blockade of NO production by nonspecific nitric oxide synthase (NOS) inhibitor or specific eNOS inhibitor, caveolin-1 scaffolding domain, attenuates platelet activating factor (PAF)-induced immediate and transient increases in the microvessel permeability in intact venules (39, 43) . Studies conducted in large arteries and arterioles indicated that H 2 O 2 acts as an important vasodilator through the activation of eNOS and increased NO production (3, 36) . However, whether H 2 O 2 induces NO production in intact venules and the functional roles of H 2 O 2 -induced NO production in the regulation of microvessel permeability remain to be identified.
Previous cell culture studies reported that exogenously supplied large amounts of NO by S-nitrosyl-N-acetylpenicillamine (SNAP, NO donor) induced venous EC apoptosis (29) , and increased eNOS activity was found in H 2 O 2 -exposed thoracic aortic ECs (30) . Our previous study demonstrated that the H 2 O 2 -induced delayed and progressive increases in EC [Ca 2ϩ ] i and Lp were partially reversed after perfusion of H 2 O 2 at 100 M for 1 h, and were not reversible after 1 h of H 2 O 2 perfusion at 500 M, suggesting a potential cell damage at microvascular walls (42) . Human plasma H 2 O 2 levels are moderately elevated under disease conditions, such as hypertension and cancer, ranging from 3.4 to 6.2 M (1, 21). However, most of the experimental studies have used much higher concentrations of H 2 O 2 (near or at millimolar range). The effect of H 2 O 2 at a near-pathological concentration (10 M) on intact microvessels has not been investigated and the causal relationship between H 2 O 2 -induced NO production, vascular cell apoptosis, and increases in microvessel permeability remains to be revealed.
The objective of this study is to examine the cellular and molecular mechanisms of H 2 O 2 -induced increases in microvesssel permeability by evaluating the effect and cellular mechanisms of H 2 O 2 at a near-pathological concentration on eNOS activation and NO production in intact venules, and further characterizing the functional roles and mechanisms of NO in the regulation of H 2 O 2 -induced permeability increases. Experiments were conducted on individually perfused rat mesenteric venules with intact surrounding circulation. We first evaluated the EC [Ca 2ϩ ] i and permeability responses to H 2 O 2 at 10 M. Under the same experimental conditions, the direct effects of H 2 O 2 on NO production and the signaling mechanisms of H 2 O 2 -induced eNOS activation and cell apoptosis were also examined. Microvessel permeability was determined by measuring the Lp. EC [Ca 2ϩ ] i and NO were measured using fura-2 and DAF-2 with fluorescence imaging. Vascular cell apoptosis with spatial resolution on the microvascular walls was evaluated by fluorescent markers using confocal microscopy. The causal relationships between NO, caspase activation, vascular cell apoptosis, endothelial Ca 2ϩ accumulation, and permeability increases were investigated using pharmacological inhibitors.
MATERIALS AND METHODS
Animal preparation. Experiments were performed in venular microvessels in rat mesenteries with diameters ranging between 35 and 50 m. Female Sprague-Dawley rats (2-3 mo old, 220 -250 g, Hilltop Laboratory Animal, Scottdale, PA) were anesthetized with pentobarbital sodium (65 mg/kg body wt) administered subcutaneously. A midline surgical incision (1.5-2 cm) was made in the abdominal wall and the mesentery was gently taken out from the abdominal cavity and spread over a glass coverslip attached to an animal tray for fluorescence imaging studies. The upper surface of the mesentery was continuously superfused with mammalian Ringer solution at 37°C. Each experiment was performed on one microvessel per animal to avoid any potential effect of the applied reagents on subsequent vessel studies. All procedures and animal use were approved by the Animal Care and Use Committee at West Virginia University.
Measurement of Lp in individually perfused rat mesenteric microvessels. All measurements were based on the modified Landis technique, which measures the volume flux of water across the microvessel wall. The assumptions and limitations of the original method and its application to mammalian microvessels have been evaluated in detail elsewhere (6, 20) . Briefly, a single microvessel was cannulated with a micropipette and perfused with albumin-Ringer solution (control) containing 1% (vol/vol) hamster red blood cells as markers. A known hydrostatic pressure (40 -60 cmH 2O), controlled by a water manometer, is applied through the micropipette to the vessel lumen, which allows the perfusate to continuously flow through the vessel. Water flux was measured when the downstream of the vessel was briefly occluded. L p was calculated as the slope of the relationship between the initial water flow per unit area and the pressure difference across the microvessel wall. In each experiment, the baseline Lp and the Lp after application of testing solutions were measured in the same vessel, and the changes in Lp were expressed as the ratio of Lp test/ Lpcontrol. The testing agent including H2O2 and any inhibitor used in the experiments was added to the perfusate and delivered into the vessel lumen through the cannulation pipette. To prevent the red blood cell marker from interacting with H 2O2 in the perfusate, marker cells were not present during the H2O2 perfusion period. Only during Lp measurements after perfusion of H2O2 for 1 or 2 h was a small amount of red blood cells added to the perfusate by recannulation of the vessel.
Measurements of EC [Ca 2ϩ ]i. EC [Ca 2ϩ ]i was measured in individually perfused microvessels using the fluorescent Ca 2ϩ indicator fura 2-AM. Experiments were performed on a Nikon Diaphod 300 microscope equipped with a Nikon photometry system. In each experiment, a venular microvessel was cannulated and perfused first with albumin-Ringer solution that contained 10 M of fura 2-AM for 45 min. The vessel was then recannulated and perfused with albuminRinger solution for 10 min to remove fura 2-AM from the vessel lumen. A segment of fura 2-AM-loaded vessel at least 100 m away from the cannulation site was then positioned within the measuring window which covered ϳ50 endothelial cells forming the vessel wall. The excitation wavelengths for fura 2-AM were selected by two narrow-band interference filters (340 Ϯ 5 and 380 Ϯ 5 nm; Oriel), and the emission was separated with a dichroic mirror (DM400) and a wide-band interference filter (500 Ϯ 35 nm; Oriel). The corresponding fluorescence intensity (FI) values (FI 340 and FI380, respectively) were collected with a 0.25-s exposure at each wavelength. At the end of the experiment, the microvessel was superfused with a modified Ringer solution (5 mM of Mn 2ϩ without Ca 2ϩ ) and perfused with the same solution that contained ionomycin (10 M) to bleach the Ca 2ϩ -sensitive form of fura 2. The background FI due to unconverted fura 2-AM and other Ca 2ϩ -insensitive forms of fura 2 was subtracted from FI 340 and FI380 values. The ratios of the two FI values were converted to Ca 2ϩ concentrations using an in vitro calibration curve (14) . Measurement of endothelial NO production. Endothelial NO was quantified at cellular levels in individually perfused microvessels using a fluorescence imaging system and 4,5-diaminofluorescein diacetate (DAF-2 DA). The experimental rigs were the same as that used for Ca 2ϩ measurements, except that a 12-bit digital, cooled, charge-coupled device camera (ORCA; Hamamatsu) was used for image acquisition. The excitation wavelength for DAF-2 DA was selected by an interference filter (480/40 nm), and emission was separated by a dichroic mirror (505 nm) and a band-pass barrier (535/50 nm). To minimize photo bleaching, a neutral density filter (0.5 N) was positioned in front of the interference filter and the exposure time was minimized to 0.12 s at 1-min intervals. All the images were acquired and analyzed using Metafluor software (Universal Imaging). During the experiment, each vessel was continuously perfused with albumin-Ringer solution containing DAF-2 DA (5 M). NO production was measured after the DAF-2 loading reached the steady state (40) . Basal NO was measured for 10 min before H 2O2 perfusion. All images were collected from a group of endothelial cells located in the same focal plane of the vessel wall.
Quantitative analysis was conducted at the individual endothelial cell level using manually selected regions of interest (ROIs) along the vessel wall. Each ROI covers the area of one individual cell as indicated by the fluorescence outline. The tissue autofluorescence was subtracted from all of the measured FIs. The changes in FI DAF upon addition of test reagents were expressed as the net changes in FIDAF (⌬FIDAF), which was the difference between the maximum FI before the increased FI rate fell back to the basal level and the FI right before the application of test reagents. FI was expressed in arbitrary units (AU) measured with identical instrumental settings. The rate of FIDAF change was derived by the first differential conversion of cumulative FIDAF over time.
Detection of cell apoptosis in intact venules. Cell apoptosis in intact venules was determined by perfusing vessels with Alexa488-annexin-V, which preferentially binds with translocated phosphatidylserine (PS) on the out leaflet of cell membrane during cell apoptosis. Vybrant FAM Caspases-3/7 assay kit that contains the fluorescently labeled inhibitor of caspases (FLICA) was applied to examine the activated caspase 3/7 in H2O2 perfused vessels. During the experiment, each vessel was perfused with H2O2 at 10 or 100 M for certain periods of time, followed by perfusion with Alexa488-annexin-V (1:20 dilution from the stock solutions) and FLICA (1:150 dilution from the stock solution provided by the company), respectively. Cell viability on the vascular wall was detected by perfusion of vessels with CellTrace calcein red-orange AM (1 M) for 10 min. A Leica TCS SL confocal microscope was used for collecting the images. Stacks of images were obtained from each vessel by optical sectioning at successive X-Y focal planes with a vertical step at 0.5 m, using a Leica objective ϫ20 (HC PL APO, NA 0.7) with ϫ3 electronic zoom. Image analysis and FI quantification were performed using Leica confocal software. Identical imaging settings were applied to each group of experiments.
The quantitative analysis of FLICA staining was conducted on the stacks of images obtained from the bottom half of each vessel. The ROIs were defined by the outline of each vessel segment. The total FI of FLICA (the intensity value of all pixels of vessel volume) was calculated as area ϫ depth ϫ mean intensity per pixel, where the area is the pixel number of the selected ROI, the depth is the total number of images at z-dimension, and the mean intensity per pixel is the mean fluorescence intensity after subtraction of background signal. The total FI was normalized by the vascular surface area (FI/A).
Fluorescent immunostaining and confocal imaging. The mesentery bearing each perfused vessel was fixed with paraformaldehyde, followed by permeabilization with 0.1% Triton X-100 before exposure to the anti-eNOS and anti-phosphorylated eNOS at (14) was used for dissecting mesenteries, superfusing tissues, and preparing perfusion solutions. The composition of the mammalian Ringer solution was (in mM) 132 NaCl, 4.6 KCl, 2 CaCl 2, 1.2 MgSO4, 5.5 glucose, 5.0 NaHCO3, 20 N-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid (HEPES), and Na-HEPES. All perfusates used for control and test perfusion contained BSA (10 mg/ml). Fura-2 AM, Alexa488-annexin-V, Vybrant FAM Caspase-3/7 kit and CellTrace calcein red-orange AM were purchased from Invitrogen. H 2O2 (30%), DAF-2 DA, and LaCl3 were purchased from Sigma. All the fluorescent dyes except for Alexa488-annexin-V and Vybrant FAM Caspase-3/7 were prepared in DMSO for stock solution, and at least 1:1,000 dilution was made for the final working solutions. All of the perfusates containing the test reagents were freshly prepared before each cannulation.
Data analysis and statistics. All values are presented as means Ϯ SE. Each "N" represents the number of vessels. Paired t-test was used for paired data analysis. ANOVA was used to compare the data between groups. A probability value of P Ͻ 0.05 was considered as statistically significant. In summary figures, the asterisk indicates a significant increase from the baseline control, and the single dagger indicates a significant decrease from the control or the H 2O2-induced responses. . Unlike the results with higher concentrations of H 2 O 2 (100 and 500 M) that increased Lp at 1-and 0.5-h perfusion, respectively (42), 10 M of H 2 O 2 did not increase Lp up to 1-h perfusion (N ϭ 7, P Ͼ 0.05), but significantly increased Lp to 8.0 Ϯ 0.87 times the control value at 2-h perfusion (N ϭ 5, P Ͻ 0.01). Figure 1A shows the Lp measurements in one individual experiment, and the summarized results are presented in increase in NO production occurred in the absence of increased EC [Ca 2ϩ ] i , and only the second phase of NO production was correlated with the delayed increases in EC [Ca 2ϩ ] i (Fig. 2B) (Fig. 3A) . The transient increases in eNOS-Ser 1177 phosphorylation was found to be closely correlated with the time course of H 2 O 2 -induced initial NO production, which occurred in the absence of increased EC [Ca 2ϩ ] i . However, no increased Ser 1177 phosphorylation was observed in the second phase of NO production ( Fig. 3B ) that depended on the increased EC [Ca 2ϩ ] i (Fig. 2, A  and B) . In contrast, the eNOS-Thr 495 phosphorylation significantly decreased to 0.4 Ϯ 0.03 and 0.3 Ϯ 0.04 times of the baseline level at 1 and 25 min of H 2 O 2 perfusion, respectively (Fig. 3 , A and C, P Ͻ 0.05, N ϭ 3 per group), indicating the eNOS-Thr 495 dephosphorylation was associated with the peak rate of H 2 O 2 -induced NO production in both phases.
RESULTS

H 2 O 2 induces delayed and progressive increases in mi-
The role of Ca 2ϩ /CaM in H 2 O 2 -induced NO production was examined using a CaM-binding antagonist, the scaffolding domain of caveolin-1 (AP-CAV) (39) . The mean basal NO production rate of three vessels was 0.14 Ϯ 0.02 AU/min. Perfusion of AP-CAV (10 M) for 30 min attenuated the H 2 O 2 -induced initial NO production from 68 Ϯ 8.3 to 37 Ϯ 1.2 AU (⌬FI DAF ) and completely blocked the second phase of NO production ( Figs. 2A and 3D ). Under the same experimental conditions, eNOS-Ser 1177 phosphorylation at 1 min of H 2 O 2 perfusion was reduced from 7.4 Ϯ 0.21 to 3.1 Ϯ 0.18 times that of the control (N ϭ 3, Fig. 3D ).
H 2 O 2 induces caspase 3/7 activation and vascular cell apoptosis in intact venules. We examined cell apoptosis in H 2 O 2 (10, 100 M)-perfused vessels using FLICA, an indicator for activated caspase 3/7, and Alexa488-Annexin-V to label the externalized phosphatidylserine (PS). Control experiments were conducted in nine vessels. The perfusion of albumin-Ringer solution for 2 h showed negative staining for either FLICA or Annexin-V, and all ECs were well labeled with Calcein-AM (live-cell dye), suggesting that the cells were intact and viable (Fig. 4A, top panel) cell apoptosis was investigated in 11 vessels. Annexin-V staining remained negative after 1 h of H 2 O 2 perfusion (N ϭ 3). After 2 h of H 2 O 2 perfusion, the majority of pericytes (arrowheads) and 25 Ϯ 5.1% of the ECs showed positive Annexin-V staining (arrows, Fig. 4A, middle panel, N ϭ 4) . Calcein-AM and Annexin-V double staining showed that ECs with positive Annexin-V staining cannot retain the live-cell dye and were negative for Calcein-AM staining (Fig. 4A, middle panel) . Over the same time course, we observed an extensive FLICA positive staining in the vascular cells (Fig. 4A, middle N ϭ 4). The total FLICA FI per unit surface area of the vessel wall was 1,502 Ϯ 116.8 AU/m 2 ( Fig. 4C ). We also investigated the effect of a higher concentration of H 2 O 2 (100 M) on vascular cell apoptosis in 11 vessels. H 2 O 2 at 100 M induced a similar pattern of vascular cell apoptosis to that observed with 10 M of H 2 O 2 perfusion, but occurred in a shorter exposure time. After only 1-h perfusion of 100 M of H 2 O 2 , the majority of pericytes and 30 Ϯ 6.1% of the ECs showed positive staining of Annexin-V (Fig. 4A, bottom panel,  N ϭ 4 per group) . Meanwhile, the vascular cells showed increases in FLICA staining with magnitude similar to that observed in vessels perfused with 10 M of H 2 O 2 for 2 h (Fig.  4, A and C Figure 5 , A and B, shows the results of two individual experiments. The summarized data are presented in Fig. 5C .
Activation of caspase cascade downstream from H 2 O 2 -induced initial NO contributes to EC Ca
2ϩ accumulation, cell apoptosis, and progressively increased Lp. Our abovementioned results demonstrate that caspase 3/7 activation in H 2 O 2 -perfused vessels is dependent on H 2 O 2 -induced NO production. To elucidate the interrelationship between H 2 O 2 -induced NO production and caspase activation, we measured H 2 O 2 (10 M)-induced NO production in the presence of caspase inhibitor, z-VAD-FMK, in three vessels. Perfusion of z-VAD-FMK (20 M) for 30 min did not affect the initial NO production (⌬FI DAF ϭ 63 Ϯ 5.2 vs. 68 Ϯ 8.3 AU, P Ͼ 0.05), but prevented the NO production at the late phase (Fig. 6A) . As the late-phase NO production is dependent on the delayed increases in EC [Ca 2ϩ ] i (Fig. 2B) (Fig. 6B) . At the end of 2-h H 2 O 2 perfusion, EC [Ca 2ϩ ] i was only 133 Ϯ 18.4 nM, a significant reduction from 417 Ϯ 45.0 nM that occurred in the absence of z-VAD-FMK (Fig. 6D) .
Under the same experimental conditions, the effect of z-VAD-FMK on H 2 O 2 (10 M)-induced cell apoptosis and Lp increase was investigated in 11 vessels. Perfusing vessels with z-VAD-FMK prevented H 2 O 2 -induced caspase 3/7 activation, PS externalization (Fig. 4B, middle panel, N ϭ 3 per group) , and increases in Lp (Lp test /Lp control ϭ1.7 Ϯ 0.41, N ϭ 5). Figure 6C shows the Lp result from one individual experiment, and Fig. 6D (Fig. 4 , B and C, 
DISCUSSION
Our study, using combined quantitative permeability measurements with fluorescence imaging and confocal microscopy, demonstrated cellular and molecular mechanisms of H 2 O 2 -induced increases in microvessel permeability in intact venules. H 2 O 2 at 10 M, a concentration close to the plasma level under human disease conditions (21) , induces an immediate and large-magnitude NO production in ECs of intact venules in the absence of an initial increase in EC [Ca 2ϩ ] i . This large amount of NO, instead of causing an immediate increase in microvessel permeability that occurred in PAF-stimulated microvessels (39, 43) , results in caspase activation and intracellular Ca 2ϩ accumulation, thus leading to vascular cell apoptosis and progressively increased microvessel permeability. Our results provide the first in vivo evidence that H 2 O 2 -induced eNOS activation in intact venules involves sequential Ca-independent and Ca-dependent mechanisms and delineate the interrelationship between increased EC [Ca 2ϩ ] i , CaM binding with eNOS, and eNOS phosphorylation at Ser 1177 and Thr 495 in H 2 O 2 -induced NO production in intact microvessels. Most importantly, we provide a time-dependent correlation of the involved signaling pathways with eNOS activity and changes in microvessel permeability. To our knowledge, this information has not previously been reported in either in vitro or in vivo studies. To translate the remarkable knowledge gained from in vitro studies to clinical therapeutic applications, it is essential to evaluate the cellular and molecular mechanisms in their native state. Multidimensional protein identification revealed that forty-one percent of proteins expressed in vivo are not detected in vitro, indicating that distinct protein expression is apparently regulated by the tissue microenvironment that cannot yet be duplicated in standard cell culture (8) . Therefore, investigating the cellular and molecular mechanisms in intact microvessels within an in vivo environment is necessary and important. The mechanisms revealed from this study may provide new insights into the pathogenesis of elevated H 2 O 2 -involved cardiovascular diseases. A diagram in Fig. 8 summarizes details of the study. Although H 2 O 2 has been reported to induce NO production in large arteries and play a role in vasomotion, whether it induces NO production in intact venules had not been investigated previously. Our previous studies have demonstrated that inflammatory mediator-induced NO depends on increased EC [Ca 2ϩ ] i and the magnitude of NO is directly correlated with the peak of transiently increased microvessel permeability (13, 39, 41, 43) . In the present study, we demonstrated a different role of EC NO in the regulation of microvessel permeability in intact venules. We found that, even in the absence of an initial increase in EC [Ca 2ϩ ] i , the magnitude of H 2 O 2 -induced initial NO production (⌬FI DAF-2 ϭ 68 Ϯ 8.3 AU) was 5 times more than that produced in PAF-perfused vessels (⌬FI DAF-2 ϭ 12.4 Ϯ 0.71 AU) (40) . Most interestingly, this large amount of NO did not cause an immediate and transient permeability increase as that observed in PAF-perfused vessels (39) . Instead, it caused a delayed and progressively increased microvessel permeability. These results suggest that the role of NO in mediating permeability increases might depend on the concurrent activations of other signaling pathways, and therefore, the involved cellular mechanisms and the patterns of increased permeability can be stimulus specific. The H 2 O 2 -induced time-and dose-dependent permeability increases suggest that the effect of H 2 O 2 on endothelial cells is cumulative.
Recent studies demonstrate that eNOS activation under oxidative stress produces superoxide rather than NO due to S-glutathionylation of eNOS (5), or the deficiency of L-arginine and tetrahydrobioterin (H 4 B) (4, 35) . This phenomenon has been referred to as "eNOS uncoupling" and contributes to decreased NO bioavailability in various cardiovascular diseases (4, 15, 35) . Our NO measurements clearly demonstrated that an excessive amount of NO was produced by eNOS when the intact venule was exposed to H 2 O 2 , which do not support ROS-mediated eNOS uncoupling, at least, during a short-term exposure and before vascular cells undergo apoptosis.
Calmodulin (CaM) binding to eNOS, and the changes in eNOS phosphorylation at different residues, particularly at Ser 1177 and Thr 495 (human and rat sequence), have all been demonstrated to enhance eNOS activity (9) . However, their interrelationship in the regulation of eNOS activity has not been well understood, especially in intact microvessels. Studies on purified proteins reported that phosphorylation of eNOS at Ser 1177 enhances eNOS activity by reducing CaM dissociation from activated eNOS when calcium levels are low (23) . On the other hand, CaM binding has been proposed to induce a conformational change in the eNOS, which increases Ser 1177 phosphorylation (24 conditions as that proposed in purified protein studies (23) .
In vitro studies suggest that high levels of NO may cause endothelial cell apoptosis (29, 34) . Currently, cell apoptosis has been mainly detected in cultured cells, cross-sections of embedded tissue, and homogenized cell lysate. In the present study, we combined fluorescent confocal imaging with single vessel perfusion techniques, enabling us to detect cell apoptosis with both temporal and spatial resolution in the vascular wall, and thus allowed cell signaling and structural changes to be directly linked to the changes in vascular functions. Using this approach, we found that H 2 O 2 perfusion induced caspase 3/7 activation and PS translocation in both pericytes and ECs, and that these changes were prevented by blocking H 2 O 2 -induced NO production by L-NMMA (Fig. 4B) . These data provided in vivo evidence that H 2 O 2 -induced excessive NO production can lead to vascular cell apoptosis. Furthermore, we identified that more pericytes underwent apoptosis than ECs at the same H 2 O 2 exposure time (Fig. 4A) . Our identification of pericytes was based on cell morphology. Pericytes on the venules have multiple cellular processes that wrap around the vascular wall (Fig. 4A and Supplemental video, available with the online version of this article), which are distinct from ECs and those tightly wrapped smooth muscle cells in the arterioles (26) . As endothelium is the first layer exposed to H 2 O 2 through perfusion, the EC accessibility to H 2 O 2 should not be a problem. Therefore, our results suggest that pericytes are more susceptible to H 2 O 2 -mediated cell apoptosis than ECs. This may explain the early loss of microvascular pericytes and aneurism formation in diabetic retinopathy, in which the increased H 2 O 2 level has been proposed to play a role (31) .
Vascular cell apoptosis has been implicated in the pathogenesis of many cardiovascular diseases (32) . However, the relationship between vascular cell apoptosis and microvessel barrier functions remains undefined. In this study, we found that H 2 O 2 (10 or 100 M)-induced apoptosis in ECs and pericytes occurred at the same time when we observed significant increases in microvessel Lp. Moreover, preventing cell apoptosis by inhibition of caspase activation or blockade of Ca 2ϩ influx blocked H 2 O 2 -induced increases in microvessel Lp. These results strongly suggest that H 2 O 2 -induced vascular cell apoptosis is responsible for the delayed and progressive increases in microvessel permeability. ECs serve as the main barrier for transport functions of the microvessels. There is no doubt that EC apoptosis contributes significantly to the impairment of vascular barrier function, whereas the role of pericytes in the regulation of microvessel permeability remains to be determined. Our recent study conducted in inflammation-induced remodeled microvessels demonstrated that the extended pericyte processes provide a complete coverage of endothelial gaps at PAF-induced peak increase in permeability, serving as an additional barrier that lessens the degree of vascular leakage and protects the structural integrity of the vascular wall (37) . Based on these findings, we predict that microvessels with apoptotic pericytes may lose the protective function of pericytes when the endothelial barrier is impaired, making them susceptible to augmented permeability increases in response to stimuli.
Given that the blockade of H 2 O 2 -induced NO production by L-NMMA prevented caspase 3/7 activation, EC Ca 2ϩ accumulation, and cell apoptosis, the results support that H 2 O 2 -induced initial NO production is responsible for the activation of caspase cascade and the subsequent events. The formation of peroxynitrite by NO and superoxide may play a role in caspase activation through opening of the mitochondrial permeability transition pore (34) . The inhibition of caspase that did not affect the H 2 O 2 -induced initial NO production, but blocked Ca 2ϩ accumulation and cell apoptosis, indicates a causal relationship between caspase activation and the impairment of Ca 2ϩ homeostasis and Ca 2ϩ overload-induced cell apoptosis. As for how the caspase activation resulted in elevation of EC [Ca 2ϩ ] i , different mechanisms have been proposed under different experimental conditions (17, 25, 27, 28) . Caspase activation may selectively cleave a restricted set of target proteins (16) . Cleavage of the plasma membrane calcium pump, which impairs Ca 2ϩ extrusion, was reported to be associated with neuronal death (28) . On the other hand, the activation of cation channels, which increases Ca 2ϩ influx, was found to be associated with oxidative stress-induced intracellular Ca 2ϩ overload and cell death (17, 25, 27 2ϩ homeostasis, vascular cell apoptosis, and delayed and progressive increases in microvessel permeability. The signaling cascade and the sequential events found in H 2 O 2 -perfused intact microvessels as illustrated in Fig. 8 might contribute to a better understanding of the pathogenesis of microvascular dysfunction and benefit the development of targeted therapeutics in ROS-related cardiovascular diseases.
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